we confirmed here (data not shown). This region of MAP2c also proved to contain the F-actin binding activity, since the MTBD alone (⌬N ϩ C) as well as both the ⌬N and ⌬C mutants bound F-actin with similar affinity and biphasic binding behavior as was observed by using the full-length protein ( Figure 2B ). In contrast, the ⌬MTBD protein showed only nonsaturable binding to F-actin ( Figure 2B ). These results demonstrate that the MAP2c MTBD is both necessary and sufficient for F-actin binding.
MAP2c MTBD Bundles Actin Filaments
Data from viscometry and rheometry assays previously suggested that MAP2c induces F-actin crosslinking [9, 11, 15] . We used cryo-electron microscopy (cryo-EM) to investigate the nature of the MAP2c-actin interaction. In the absence of MAP2c, actin filaments were randomly distributed over the grid ( Figure 3A To determine the stochiometry required for bundling, concentrations. The gels were then dried and scanned using a densiwe used a differential-speed sedimentation assay [20] . (Table 1) . natant (S). In this assay F-actin alone was not found in P B and was entirely present in P F . However, in the presNext, we used deletion mutants (see Figure 2A) to determine which MAP2c domains were critical for ence of increasing amounts of full-length MAP2c, the proportion of actin in bundles (P B ) increased progres-F-actin binding. Protein lacking the MAP2c N terminus (⌬N), C terminus (⌬C), and MTBD (⌬MTBD) or protein sively, with a concomitant decrease in actin remaining as individual filaments (P F ; Figure 3B ). MAP2c bundling containing the MTBD alone (⌬N ϩ C) were generated and used in cosedimentation assays with F-actin. Previous activity was calculated as the fraction of actin in P B measured for a range of MAP2c:actin molar ratios [20] . work established that the MTBD contains the high-affinity microtubule binding activity of MAP2 [19] , a result One MAP2c per 20 actin subunits was sufficient to in- duce complete bundling ( Figure 3C ). This ratio is 5-fold differences in their MTBDs, or to other domains in tau that interfere with its actin interaction. To distinguish lower than the maximum MAP2c-actin binding stoichiometry in the initial phase of MAP2c binding, suggesting these possibilities we generated chimeric proteins in which the MTBD sequences of MAP2c and 3r-tau were that a small number of MAP2c molecules is sufficient to induce the bundling of essentially all actin filaments swapped. A chimera containing the MAP2c N-and C-terminal domains fused on either side of the tau MTBD present in the reaction. The bundling behavior of the ⌬N, ⌬C, and ⌬N ϩ C mutants was indistinguishable bound very poorly to F-actin (20-fold less than full-length MAP2c) and did not bundle the filaments (Figures 5A from that of the full-length protein, and no bundling was observed with the ⌬MTBD mutant ( Figure 3C ). Together, and 5C, Table 1 ). In contrast, a protein containing the N-and C-terminal domains of tau plus the MAP2c MTBD these data show that both actin binding and bundling activities are properties of the MAP2c MTBD.
was very similar to full-length MAP2c in its actin binding and bundling properties (Figures 5B and 5C, Table 1 ). These data demonstrate that the difference in binding Tau Isoforms Do Not Bind F-Actin The amino acid sequences within the MTBD of MAP2c (and bundling) activities between MAP2c and tau must be entirely due to sequence differences within the and tau are 80% homologous (67% identical; see sequence alignment in Figure S1 ). We therefore expected MTBD. tau to exhibit actin binding properties similar to those of MAP2c. Surprisingly, this was not the case. CosediActin Binding Activity Is Necessary for Neurite Initiation in Neuro-2a Cells mentation of microtubules with increasing concentrations of a tau isoform containing three repeats in its
To address the functional relevance of the MAP2's actin interaction, we tested various constructs in a neurite MTBD (3r-tau) showed that the binding is specific and saturable, similar to that of MAP2c (compare Figure 4A initiation assay in the neuroblastoma cell line Neuro-2a. Previously, we demonstrated that neurites in these cells with Figure 1A Conversely, MAP2c binds F-actin with biphasic behavior, consistent with initial single-site binding followed by level comparable to that of neurite induction by retinoic acid ( Figure 6B ). In contrast, 3r-tau completely lacked a weaker, nonsaturable binding phase. Similar biphasic binding was previously described for tau interaction with this neurite induction activity. In addition, the MAP2c chimera, which contains tau's MTBD, was inactive in microtubules. In this instance, the model proposed was initial specific binding followed by aggregation of tau on neurite initiation, although it was clearly able to stabilize microtubules into bundles (Figures 6A and 6B) Since the same domain of MAP2c is involved in binding to both polymers, it implies that this region can assume Tau MTBD Lacks Actin Binding, Correlated with Its Inability to Initiate Neurites different specific conformations, depending on the binding partner. Presumably, the natively unfolded structure Because the MAP2c and tau MTBDs are highly homologous, it was surprising to find that this homology did of MAP2c permits adoption of different folds, leading to unique, stable conformations determined by the initial not translate into a matching ability to bind F-actin. Since previous studies suggested that tau could interact dicollision complex with the substrate. It seems likely that distinct residues within the MTBD of MAP2c mediate rectly with F-actin [9, 13, 14], we additionally tested tau's ability to bind to F-actin polymerized from skeletal microtubule binding versus actin binding.
The direct overlap of the microtubule and F-actin bindmuscle ␣-actin in our cosedimentation assays. In contrast to MAP2c, which saturably bound filaments preing activities in the MTBD suggests that each MAP2c molecule can bind either a microtubule or an actin filapared from either ␣-actin or ␤/␥-actin, tau did not bind saturably to F-actin from either source (see Figure S2 ). ment. However, the MTBD is not likely to bind both microtubules and F-actin at the same time, since we By using a domain swapping strategy, we found that the MAP2c MTBD confers actin binding and bundling observe that microtubules compete for MAP2c in F-actin bundling assays (B.R., J.A.-B., R.A.M., and S.H., unpubactivities on tau, whereas the tau-MTBD dramatically abolishes these activities in MAP2c. This suggests that lished data). However, we cannot rule out the possibility that a MAP2c molecule bound to a microtubule could lack of actin binding activity in tau is not due to inhibitory Our results suggest that the actin binding activity conto lack the ability to stimulate neurite initiation. Our data tained within the MTBD of MAP2 is functionally relevant suggest that the difference in neurite initiation activities in neuronal morphogenesis. Furthermore, the lack of between MAP2 and tau is not due to any difference in this activity in tau contributes to important functional their microtubule stabilizing activities but, rather, indistinctions between these closely related microtubulevolves the dramatic disparity in their ability to bind actin associated proteins. filaments.
The comparable affinity of MAP2c for actin and micro- 
